The influence of various processing conditions on the singlet exciton diffusion is explored in films of a conjugated random copolymer poly-(3-hexylthiophene-co-3-dodecylthiophene) (P3HT-co-P3DDT) and correlated with the degree of crystallinity probed by grazing incidence X-ray scattering and with exciton bandwidth determined from absorption spectra. The exciton diffusion coefficient is deduced from exciton-exciton annihilation measurements and is found to increase by more than a factor of three when thin films are annealed using CS 2 solvent vapour. A doubling of exciton diffusion coefficient is observed upon melt annealing at 200 1C and the corresponding films show about 50% enhancement in the degree of crystallinity. In contrast, films fabricated from polymer solutions containing a small amount of either solvent additive or nucleating agent show a decrease in exciton diffusion coefficient possibly due to formation of traps for excitons. Our results suggest that the enhancement of exciton diffusivity occurs because of increased crystallinity of alkyl-stacking and longer conjugation of aggregated chains which reduces the exciton bandwidth. † Electronic supplementary information (ESI) available: GIXS analysis to determine relative degrees of crystallinity, comparison between P3DDT and P3HT-co-P3DDT, fluorescence decays measured at different excitation densities, exciton diffusion length, dependence of exciton diffusion coefficient on crystallite size, AFM height topography, synthesis, DSC thermogram and NMR data, calculation of free exciton bandwidth from absorption spectra of aggregated chains. See
Introduction
Semiconducting polymers are widely studied due to their ease of processing and use in high performance optoelectronic devices such as organic photovoltaic cells (OPVs). 1, 2 In OPVs, dissociation of excitons at the interface between donor and acceptor is one of the important processes that determines the photoconversion efficiency. The short exciton diffusion length is an important factor that limits the number of excitons that can reach the interface. A significant amount of work has been done to optimize the morphology of the active layer in the blend in order to reduce the distance between exciton generation and interface, 3, 4 but less attention has been paid to increasing exciton diffusion. A few attempts have been made to enhance the exciton diffusion length using phosphorescent dopant, 5 wide bandgap host, 6 thermal annealing 7 and single crystals 8 or highly crystalline small molecules, 6, 9, 10 however enhancing exciton diffusion in semi-crystalline conjugated polymers 11, 12 and correlating it to tunable intermolecular interactions, morphology and crystalline order are not so well explored even in the well-studied poly(3-hexylthiophenes) (P3HT). 13, 14 Recently air-stable solar cells with power conversion efficiencies of 6.4% have been demonstrated using blends of P3HT with new electron acceptors which were thermally annealed at 130 1C. 15 But it has also been shown for small molecules that processing methods (such as using solvent additive and thermal annealing) can decrease the exciton diffusion length which has been explained by formation of exciton traps. 10, 16 In order to establish structure-property relations for exciton diffusion in semi-crystalline conjugated polymers, it is instructive to control intermolecular interactions and so control film morphology and crystallinity. A range of processing protocols such as using solvent additives, 4, [17] [18] [19] polymer crystal nucleating agents, 20, 21 thermal 7 and solvent vapour annealing 22 have been used to control crystallisation in conjugated polymers, inspired from the protocols of classical semi-flexible polymers. 23, 24 Out of these, appropriate annealing is a simple and useful method which enables the arrangement of polymer chains to change in a controllable fashion. 7, 22, 25, 26 There is a report of thermal annealing improving exciton diffusion in semi-crystalline conjugated polymers, 7 however, other studies reported a decrease or no change. 10, 27 As semiconducting conjugated polymers consist of long chains, there are several other factors such as entanglement, lamellar orientation, and interchain interactions, that could govern the molecular level ordering or crystallinity. 28, 29 Here we show that thermal, melt, and solvent vapour annealing can lead to extended chains of oriented lamellae and enhanced degrees of crystallinity in spin-coated thin films of the copolymer poly(3-hexylthiophene-co-3-dodecylthiophene) (P3HT-co-P3DDT). We found that the exciton diffusion coefficient increases with increasing crystallinity of the copolymer upon annealing. The most pronounced changes in exciton diffusion coefficient were on melt-annealed films for which a doubling was observed, and for solvent (carbon disulphide) vapour annealed films for which a B3-fold enhancement was observed. To understand the additional role of processing additives, we also investigated thermal and melt annealing of films made with small amounts of additives. In these films thermal and melt annealing increase the degree of crystallinity, but the exciton diffusion coefficient decreases. We attribute this to the additives leading to the formation of traps. This work shows how processing techniques can lead to large increases in exciton diffusion and relates the changes to crystallinity.
Results
We explored the polyalkylthiophene copolymer P3HT-co-P3DDT (M n = 34 kD, PDI = 1.19, hexyl : dodecyl B 53 : 47, regioregularity B99% (i.e., extent of head-to-tail coupling of thiophene units, see Fig. 1d ), melting temperature = 188 1C, crystallisation temperature = 157 1C). The polymer has a random arrangement of P3HT and P3DDT sub-units but the directionality of the units is highly regioregular. It is an ideal system to explore in terms of solution processability, regioregularity and semi-crystallinity. It has long polymer chains (molecular weight M n = 34 kD), about twice larger than the entanglement molecular threshold weight of B15 kD needed to form a two-phase amorphous-crystalline morphology leading to partially folded lamellar structures (see Fig. 1a -c). 28, 30 It has a lower melting point than P3HT which is helpful for applying temperature protocols for annealing, without much worry of degradation. We applied three different processing protocols; thermal annealing (T ca ), melt annealing (T ma ) and solvent vapour annealing (SvA), to explore their effect on the organisation of the polymer chains. For thermal annealing, we annealed the films a few degrees above the crystallisation temperature (T ca = 160 1C). For melt annealing, the films were annealed a few degrees above the melting point (T ma = 200 1C). In both cases, heating was followed by slow controlled cooling towards room temperature to ensure that the crystallinity stayed close to the thermodynamic equilibrium. Solvent vapour annealing of thin films was done by controlling the flow of carbon disulphide (CS 2 ) vapours into a custom-built solvent vapour annealing chamber. The chamber has a Peltier element to control the sample temperature and the amount of solvent which could condense onto a cold film. Further details about the synthesis, processing protocols and characterisation of the copolymer P3HT-co-P3DDT can be found in the Experimental section and ESI. †
Exciton diffusion and structural measurements of P3HT-co-P3DDT
To determine the singlet exciton diffusivity we studied singletsinglet exciton annihilation by measuring time-resolved fluorescence at different excitation intensities. Exciton-exciton annihilation occurs at high exciton densities when two excitons interact with each other and one exciton transfers its energy to the other exciton which is promoted to a higher energy state and then usually relaxes back to the lowest energy excited state. As a result, one exciton is lost per encounter. 31, 32 Fluorescence decays measured at different excitation densities are shown in ESI † (Fig. S3 ). The decays are faster at higher excitation densities because excitons are closer to each other and annihilate faster. Time-resolved fluorescence intensity is proportional to the density of singlet excitons N and can be described by the rate equation:
where G is a generation term, k is the decay rate constant in the absence of annihilation and g(t) is the annihilation rate constant. Because the excitation pulse is very short (200 fs), generation is instantaneous and the PL rises with the instrument response (B5 ps in this case). At very low excitation density (o10 15 cm À3 ) the probability for two excitons to encounter each other during their lifetime is very low, hence kN c gN 2 and the decay can be described as dN/dt = ÀkN. Nevertheless, the PL decays are nonexponential even at very low excitation density. We used a sum of three exponential functions to describe this decay and to obtain the empirical time-dependent k(t). The rate constant for diffusion-limited annihilation in a three-dimensional isotropic system can be described by a sum of a time-independent term and of a time-dependent term 32,33
where D is the exciton diffusion coefficient and R a is the annihilation radius, which is the exciton separation radius at which annihilation occurs. Eqn (2) assumes that only one exciton is lost per encounter. The value of R a was experimentally determined in P3HT to be 1.8 nm 31, 32 and we use this value for the copolymer studied here because it shows similar packing to P3HT as observed by Grazing Incidence X-ray scattering (GIXS). 30 The magnitude of R a depends on the spectral overlap of fluorescence with excited state absorption which is unlikely to change significantly with different processing because changes in ground state absorption and fluorescence spectra are small (vide infra). Hence we assumed that R a did not change with different processing. We substituted eqn (2) into eqn (1) to simulate the N(t) decay at different excitation densities (410 17 cm À3 ). Simulated N(t) was convolved with the instrument response function to fit the measured fluorescence decays and the fits with one value of D for each sample are shown in Fig. S3 (ESI †). The time-dependent g(t) for different samples is given in Fig. 2 . At long times after excitation (t 4 100 ps) g is dominated by a time-independent term which indicates that annihilation is controlled by three-dimensional exciton diffusion. Similar behavior has been observed in P3HT films. 31, 32 We determined one-dimensional exciton diffusion length using
where t is the decay time of photoluminescence to 1/e of its initial value at very low excitation density of o10 15 cm À3 which approximately corresponds to 1 sun illumination conditions and are shown in Fig. S4 (ESI †). For most films the estimated exciton diffusion length was between 4 and 7 nm but the solvent-vapour annealed film had a higher diffusion length of 9.5 AE 1 nm ( Fig. S4 in ESI †).
We explored the surface morphology and degree of crystallinity of co-polymer films using Atomic Force Microscopy (AFM) and GIXS. An AFM phase image of as-cast film shows folded lamellar structure of polymer chains ( Fig. 3a ) which resembles packing similar to schematic in Fig. 1a . Fig. 4a shows the 2D area image of GIXS patterns of the as spin-coated film. The Bragg peaks at q = 0.289 Å À1 and q = 0.578 Å À1 show similar positions to these previously observed in P3HT films and are attributed to the (100) and (200) crystalline planes defined by stacking of the alkyl chains. 34, 35 They are stronger in the 'out-of-plane' q z direction indicating copolymer chains are predominantly 'edge-on' oriented on the substrate. Bragg peak at q = 1.69 Å À1 is attributed to the (010) p-p stacking and is stronger for the 'in-plane' 'q xy ' direction. The relative degree of crystallinity (rDoC) 34 is determined by integrating background-subtracted scattering intensity of the (100) and (200) Bragg peaks (respectively at q z = 0.289 Å À1 and q z = 0.578 Å À1 ) within q = AE0.1 Å À1 and w range from 2.51 to 177.51 as explained in nearly the same which gives us confidence in our analysis. We estimate errors of 10% in rDoC as a result of the film thickness measurement error and experimental calibration error. 36, 37 The crystallite size along the (h00) direction was calculated by considering the width of all (h00) peaks using Williamson-Hall analysis (details in ESI †). All results are summarised in Table 1 . Separately we measured exciton diffusivity in spin-coated films of homopolymer P3DDT of comparable molecular weight (27 kD) and found D = 0.6 Â 10 À3 cm 2 s À1 which is twice lower than in the copolymer P3HT-co-P3DDT. GIXS studies and absorption spectra given in Fig. S2b-d (ESI †) suggest higher ordering in the copolymer as compared to the homopolymer. This observation is in line with prior reports, which show that increasing the length of the side alkyl chain to more than six carbon atoms deteriorates crystallinity and photovoltaic performance. 38, 39 The higher molecular level ordering of our alkylthiophene copolymers is consistent with the reports of enhanced mobility and device performance. 40, 41 This further signifies the importance of characterising the molecular level ordering and crystallinity of copolymer films, which could be altered during various processing methods, and may be responsible for the extent of exciton diffusion. Furthermore, the exciton diffusion coefficient value found for an as spin-coated film of neat P3HT-co-P3DDT (D = 1.2 Â 10 À3 cm 2 s À1 ) is slightly smaller than the value of 1.8 Â 10 À3 cm 2 s À1 reported for P3HT films. 31 This is not surprising because some of the side chains of the copolymer in this study are longer.
Influence of thermal and melt annealing
Spin-coated B100 nm thick films of P3HT-co-P3DDT were subjected to annealing protocols around crystallisation (T ca ) and melting temperature (T ma ) (details are given in Experimental section). We measured exciton diffusion coefficient using the procedure described in Section 2.1 and found that it did not change upon thermal annealing but increased from 1.2 Â 10 À3 cm 2 s À1 to 2.1 Â 10 À3 cm 2 s À1 upon melt annealing.
AFM phase images shown in Fig. 3 represent spatial variations in the elastic modulus of the material. 23, 26 Stiffer crystalline regions are brighter whilst soft amorphous regions are dark. The image of as spin-coated film from neat solution shows smaller crystalline regions ( Fig. 3a) , whilst thermal and melt annealing result in a significant increase of the length and width of crystalline domains. This can be explained by larger scale chain rearrangements upon melt annealing and crystallisation of slowly cooled polymer melt. To get more insight into the crystallinity changes we have performed Grazing Incidence X-ray Scattering (GIXS) measurements which are shown in Fig. 4 . The width of (h00) crystalline peaks decreases upon thermal and melt annealing in all samples spin-coated from neat solution or with additives and is illustrated in Fig. S1b in ESI. † Relative degree of crystallinity estimated from integrated (h00) peak intensity shows that crystallinity increases for each sample with annealing (see Fig. S1 in ESI † for details). Melt annealing increases the crystallinity more than thermal annealing. In comparison to the as spin-coated film of P3HT-co-P3DDT, melt annealing led to nearly a doubling of the crystallite size to 16.5 nm of the polymer film and an enhancement of rDoC of about 50% ( Fig. 4c and 3rd row of Table 1 ). Thermal annealing (T ca ) gave only a very small effect on the enhancement of rDoC (ca. o 10%, i.e., within error range) and crystallite sizes ( Fig. 4b and 2nd row of Table 1 ) in comparison to that by melt annealing. Such enhanced crystallinity upon thermal and melt annealing was reported earlier for P3HT. 7, 26 Details about X-ray data analysis are explained in the ESI † (Fig. S1 ).
Influence of solvent vapour annealing
The influence of controlled solvent (CS 2 ) vapour annealing (SvA, see detailed protocol in Experimental section) on the rate constant of exciton-exciton annihilation and degree of crystallinity was explored. The biggest change was observed for 30 nm thick films. The exciton diffusion coefficient increased more than three times upon solvent vapour annealing and is found to be almost twice bigger than in the melt-annealed film. In general, the process of solvent vapour annealing (SvA) is similar to melt annealing, where solvent swells the film allowing polymer rearrangement around ambient temperature. 22, 24, 42 Annealing below or around ambient temperature makes this technique attractive, since it eliminates any possible adverse effect (such as excitonic trap formation, uncontrolled film dewetting, polymer degradation) that may happen at high temperature. Additionally, one could exploit solvent-polymer interaction on the molecular level. 22, 24, 42 AFM phase imaging clearly shows extended and prominent lamellar chain orientation in comparison to as spin-coated film ( Fig. 5a and b) . Further investigation by GIXS shows an increase in rDoC in comparison to the neat as spin-coated thin film ( Fig. 5c and d and 4 -5th rows of Table 1 ). We note that SvA experiment was done in a thin film of ca. 30 nm and also compared with as spin-coated film of similar thickness made of neat polymer. The thinner as-cast film has slightly lower rDoC, which was also observed in poly(3-ethylhexylthiophene) (P3EHT). 35 However, the exciton diffusion coefficient was found to be the same for 30 nm and 100 nm thick as cast films.
Influence of processing additives
We found that the singlet exciton diffusion coefficient decreased when films were spin-coated from solutions with additives DIO or DMDBS (see Fig. 2 and Table 1 for details). However, when films spin-coated with these additives were thermally annealed, the exciton diffusion coefficient was higher by 30-50% as compared to films spin-coated from neat solutions. This shows that a combination of additives with thermal annealing at a temperature just above the crystallisation temperature can be advantageous for preparing organic solar cells using polythiophenes as electron donors because the excitons can reach an interface with an electron acceptor quicker and generate charge carriers more efficiently. AFM height topography shows structured film surfaces with higher roughness (Fig. S6d-g, ESI † ). This may be due to trapped traces of DIO 43, 44 (even though the samples were kept at 10 À5 mbar vacuum for 4-5 hours). Interestingly, when such films were thermally or melt annealed their roughness got significantly reduced ( Fig. S6d-f , ESI †). AFM phase imaging in films made from polymer solution containing DIO show increase in the length of lamellae upon thermal or melt annealing in a similar fashion to films without it. In the case of films made from polymer solution containing DMDBS (1% w/w) there are notable microfibrillar features (Fig. 3h, i and Fig. S6h , i, ESI †), which may be due to the crystallisation of the DMDBS itself and are particularly prominent upon thermal or melt annealing. 20, 21, 45 Phase contrast images in DMDBS added films do not show any notable lamellar structures from the polymer (see Fig. 3g and i). This is probably due to the formation of mixed polymer-nucleating agent interface. All films prepared using the solvent additives show a slight increase in rDoC in comparison to the film spin-coated from neat solutions. We observe a 12% increase of rDoC in as spincoated film with the addition of DMDBS whilst the crystallite size was comparable within error. When films were melt-annealed, a bigger enhancement of rDoC was observed in films without DMDBS which suggests that DMDBS gives no advantage when films are melt-annealed. A similar observation has been reported earlier for P3DDT, where no enhancement in the heat of fusion was observed in films processed with DMDBS. 20 This correlates with smaller increase of exciton diffusivity in films prepared with additives upon melt annealing as compared to the films spincoated from neat solution.
Discussion
In this section we consider what structural and spectral parameters influence exciton diffusion. Fig. 6a shows normalized absorption spectra of various differently processed P3HT-co-P3DDT films. All films show a shoulder at 2.05 eV (A 0-0 ) and a peak at 2.23 eV (A 0-1 ). The peak at 2.05 eV increases with annealing and also after addition of DIO and suggests an increase of conjugation length because of aggregation and p-p stacking of the conjugated chains. To determine the absorption spectrum of the aggregated chromophores in films we used their absorption spectra and subtracted the contribution of the amorphous phase which we assumed to be identical to the solution absorption as shown in Fig. 6b . 32 By integrating the absorption spectrum of the aggregated chromophores over photon energy and dividing it by the integral of the total absorption spectrum over photon energy we determined the aggregate fraction in different films ( f aggr. ) which are given in Table 1 . The values of f aggr. vary over a small range between 0.75 and 0.79 and show a weak correlation with rDoC. This observation is similar to that reported in a different polythiophene where no clear dependence of rDoC on the aggregate fraction has been observed 35 This is not surprising because rDoC is mainly determined by the alkyl stacking along the (h00) direction, whereas aggregation is mainly influenced by p-p stacking (Fig. 1d) . We estimated the free exciton bandwidth W from the shape of the absorption spectra of aggregated chromophores using the weakly-interacting H-aggregate model developed by Spano et al. 46 When a Huang-Rhys factor for vibronic coupling of isolated chain is 1, then the ratio of the A 0-0 and A 0-1 absorption peaks of aggregated chains
where E p = 0.18 eV is an apparent energy of the main vibration coupled to absorption. 32, 46 This ratio was determined by fitting the absorption spectrum of the aggregated fraction with Gaussian functions as described in ESI. † The obtained W values are tabulated in Table 1 . Smaller W indicates a longer conjugation length which also promotes exciton delocalisation along the conjugated chain. 32, 46 Our results show smaller W in films fabricated with DIO additive which is consistent with previous observation. 18 The smallest W is observed in the solvent vapour annealed thin 30 nm film and implies the longest conjugation of the aggregated polymer chains. 46 Using the same annealing conditions on a 100 nm film did not induce any change in the absorption spectrum suggesting no notable change in local chain order and conjugation length. It may be possible to induce structural changes in 100 nm films by further adjusting the annealing temperature, flow rate and vapour pressure.
The correlation plots of exciton diffusivity D with the relative degree of crystallinity along alkyl-stacking rDoC(100) and exciton bandwidth W are shown in Fig. 7a-c . Both rDoC and W change by applying different processing protocols. The general trend is that a higher rDoC(100) and lower W result in higher exciton diffusivity. The rDoC is comparable in solvent-vapour annealed film and melt-annealed films (within experimental error). However, the W is approximately six times lower in solvent-vapour annealed film indicating a longer conjugation of aggregated chains in this film. Higher exciton diffusivity in solvent-vapour annealed film can be explained by longer conjugation. The dependence of D on rDoC(100) is relatively weak, a better correlation is observed between D and the ratio of rDoC(100) to W. Exciton diffusivity shows a weak correlation with the crystallite size, including the solvent-vapour annealed film which shows high diffusivity and moderate crystallite size (Fig. S5, ESI †) , hence crystallite size is not a decisive parameter.
In our experiments we found that films prepared with solvent additives (DIO, DMDBS) and thermally annealed at a temperature just above the crystallisation temperature increased exciton diffusivity by 30-50% as compared to films spin-coated from neat solutions. This indicates that a combination of additives with thermal annealing can be advantageous for preparing organic solar cells using polythiophenes as electron donors because the excitons can reach an interface with an electron acceptor quicker and generate charge carriers more efficiently. 
Conclusions
In this work we have demonstrated that control of processing can strongly influence exciton diffusion, degree of crystallinity and exciton bandwidth. We found that melt annealing leads to B50% enhancement in both degree of crystallinity and exciton diffusion coefficient in films of copolymer P3HT-co-P3DDT. Controlled solvent vapour annealing has the strongest effect on exciton diffusion coefficient leading to an enhancement by more than a factor of three. The results show that melt annealing and solvent vapour annealing are effective ways to enhance exciton diffusivity. A combination of solvent additives (DIO, DMDBS) with thermal annealing at a temperature just above the crystallisation temperature increased exciton diffusivity by 30-50% as compared to films spincoated from neat solutions. We show that the enhancement of exciton diffusivity is a combined result of increased crystallinity of alkyl-stacking and longer conjugation of aggregated chains which reduces the exciton bandwidth. We expect a similar trend in other semi-crystalline conjugated polymers with alkyl-and p-stacking, suggesting that developing the materials and processing methods that enhance crystallinity and conjugation length is a useful approach to increasing exciton diffusion.
Experimental section

Materials and characterisation
We synthesized a P3HT-co-P3DDT using a Kumada catalyst transfer copolymerisation reaction involving LiCl promoted Grignard monomer activation. 47, 48 Protocols of synthesis and characterisations could be found in ESI. † 1,8-Diiodooctane (DIO) was purchased from Sigma-Aldrich. It was added as it is (as liquid) into the polymer solution (4% v/v) before spin-coating. Polymer nucleating agent 1,3:2,4-di(3,4-dimethylbenzylidene)sorbitol (DMDBS) was purchased from Chemos Gmbh and further used as it is (as solid powder) (1% w/w) into the solid polymer. The mixture was further dissolved in chlorobenzene, kept at 50 1C overnight while stirring, then filtered by 0.1 mm pore filter before spin-coating.
Film preparation and annealing protocols
Polymer was dissolved in chlorobenzene by stirring overnight at 50 1C in a N 2 -filled glove box. Fused silica substrates were cleaned via ultrasonication for 15 minutes first with acetone and then with isopropanol. The films were spin-coated in the glove box (O 2 level less than 0.5 ppm) using spin speeds in the range of 1400-1600 rpm. All the spin-coated films in our studies have thickness of ca. 100 nm, except ultrathin films of ca. 30 nm used for solvent vapour annealing and thickness comparison.
We explored two different temperatures for annealing, thereby exploring the effect of different amounts of polymer chain reorganisation. Our annealing temperatures were a few degrees above crystallisation temperature by thermal annealing (T ca = 160 1C) and few degrees above melting point by melt annealing (T ma = 200 1C) respectively. To further recrystallize mobile polymer chains from more mobile state or melt, we did slow controlled cooling towards room temperature. Both the thermal and melt annealing were done through series of controlled heating and cooling protocols inside a Linkam microscope hot stage under continuous flow of nitrogen. Occasional monitoring through the optical microscope ensured the quality of the annealing by avoiding any defects such as dewetting. 42 Thermal annealing (T ca ): heating at 90 1C min À1 from room temperature to 160 1C, cooling at 2 1C min À1 to 157 1C, holding 5 min at 157 1C, cooling at 1 1C min À1 to room temperature. Melt annealing (T ma ): heating at 90 1C min À1 from room temperature to 200 1C, holding 8 min at 200 1C, cooling at 4 1C min À1 to 170 1C, cooling at 1 1C min À1 to room temperature.
We used solvent vapour annealing on thin (ca. 30 nm) spincoated film of the neat polymer by controlling the flow of carbon disulphide (CS 2 ) vapour into a custom-built solvent vapour annealing chamber, which was placed under an optical microscope for monitoring the process in situ. We exposed spin-coated ultrathin solid films to solvent vapour by placing the thin film on a Peltier element enclosed inside the sample chamber. The chamber is capable of flushing with nitrogen saturated with solvent vapour. The Peltier element allowed us to control the sample temperature and thus the amount of solvent which could Fig. 7 Dependence of exciton diffusion coefficient D in P3HT-co-P3DDT films on a relative degree of crystallinity rDoC(100) (a); free exciton bandwidth W (b); and on the ratio of rDoC(100) and W (c). Films were spin-coated from neat solutions or with additives as indicated in the legend. Data points at D = 3.9 Â 10 À3 cm 2 s À1 which give one-dimensional diffusion length of 10 nm correspond to the solvent-vapour annealed thin film. Solid lines are guides to eye only.
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condense onto a cold film. Before the experiment, the sample chamber was separately flushed with pure nitrogen for 2 min to remove any moisture or unwanted gas. Further a mass flow controller was used at 25 sccm flow to expose as spin-coated polymer films to control amounts of nitrogen saturated with a CS 2 solvent vapour. During the whole experiment, nitrogen gas was bubbling through the bottle of solvent which was kept at constant temperature of 46 1C (boiling point of CS 2 ), by placing it inside a water bath. Such flow of solvent was allowed for 3 min to make the chamber nearly full with solvent vapour, before turning on the Peltier element for cooling. Further sample was cooled at ca. 7-8 1C temperature for 1 min while the solvent flow is still on. After switching off the cooling, the sample was allowed to heat up to ambient temperature slowly. The film was dried under dry nitrogen gas flow, keeping inside the sample chamber. The whole process was monitored under optical microscope through quartz window on the top lid of sample chamber to ensure the quality of the annealing (monitoring changes during polymer swelling; avoiding dewetting and ruptures).
Measurements on films
Grazing incidence X-ray scattering (GIXS). Films for X-ray scattering experiments are fabricated by spin-coating P3HT-co-P3DDT solutions onto Si(100) wafers, in a similar way as done on fused silica substrates for photophysical studies. Diffraction patterns are collected using an incident beam of 12.7 keV (at BL11-3, SLAC, CA, USA) at a grazing angle of 0.121 and expressed as a function of the scattering vector q = 4p sin(y)/l. Here, y represents half of the scattering angle, l is the wavelength of the incident beam, q xy is the component of the scattering vector parallel to the substrate plane and q z is the component perpendicular to the substrate plane. 2D-diffraction images were collected on MAR 345 image plate at 400 mm distance, further analysed either by WxDiff, 36 WAXStools 49 and Nika. 50 Details of further analysis including rDoC and crystallite size are explained in ESI † (Fig. S1 ).
Atomic force microscopy (AFM). Topographical morphology and phase imaging was performed on Bruker MultiMode 8 atomic force microscope in the tapping mode. NANOSENSORSt PPP-NCSTR tips with force constant of 6-7 N m À1 were used as AFM probes.
Ellipsometry. Film thicknesses were measured with a variable angle spectroscopic ellipsometer Woolam WVASE s and also estimated from a Veeco Dektak 150 surface profiler. Film thicknesses used in exciton-exciton annihilation measurements varied between ca. 30 to ca. 100 nm.
Absorption spectra. The absorbance spectra of the films were measured using a Varian Cary 300 UV-Vis Spectrophotometer.
Exciton-exciton annihilation. Fluorescence decays at low excitation density were measured using 100 fs pulses with 80 MHz repetition rate at 400 nm for excitation and a Hamamatsu C6860 synchroscan streak camera for detection. For exciton-exciton annihilation measurements using fluorescence the excitation was with 100 fs pulses at 5 kHz repetition rate at 400 nm. All fluorescence measurements were performed under a vacuum of 10 À5 mbar. The energy of the laser pulses was controlled with neutral density filters. Excitation spot sizes were measured with a LaserCam 3D beam profiler.
